Forest growth provides negative emissions of carbon that could help keep the earth's surface temperature from exceeding 2°C, but the global potential is uncertain. Here we use land-use information from the FAO and a bookkeeping model to calculate the potential negative emissions that would result from allowing secondary forests to recover. We find the current gross carbon sink in forests recovering from harvests and abandoned agriculture to be À4.4 PgC/year, globally. The sink represents the potential for negative emissions if positive emissions from deforestation and wood harvest were eliminated. However, the sink is largely offset by emissions from wood products built up over the last century. Accounting for these committed
appealing but far from demonstrated or operational (Anderson & Peters, 2016; Fuss et al., 2014; Hansen et al., 2017) . In this paper, we estimate the potential magnitude of increased carbon sequestration from stopping deforestation and forest degradation. A major advantage of such a mitigation effort is that forests have been managed for centuries. Forests are widely distributed across the land surface, naturally remove carbon from the atmosphere without additional inputs of energy, and store that carbon in trees and soils. The consequences of restoring and expanding forests are generally salutary for climate, biodiversity, water quality and quantity, as well as moderating regional climate (Bright et al., 2017) and providing other ecosystem services.
| MATERIALS AND METHODS

| Model and data
Our estimates are based in part on a recent global analysis of LULCC (Houghton & Nassikas, 2017) , where land use (LU) included forest management (e.g., wood harvest) and land-cover change (LCC) included the conversion of ecosystems (e.g., deforestation for croplands). That analysis reconstructed five types of land use over the period 1850 to 2015: croplands, pastures, tree plantations, industrial wood harvest, and fuelwood harvest. Rates of wood harvest and agricultural expansion were obtained primarily from the FAO after 1960 and from other sources of data before that date. Twenty types of native ecosystems (FAO, 2001) were converted and harvested nationally based on the spatial distribution of managed lands (Friedl et al., 2010) relative to native ecosystems (FAO, 2001) . National carbon densities of forests (MgC/ha) in 1700 were adjusted to yield ending (2015) densities reported by , the assumption being that 300 + years of land and forest management accounted for changes in the average carbon density of a country's forests (Table 1) . For example, average national carbon densities decreased as primary forests were converted to secondary forests as a consequence of wood harvest. The turnover times of wood products depended on end uses, which included fuelwood (1 year The major difference between this analysis and the one described by Houghton and Nassikas (2017) is that the earlier analysis considered historic changes in land use, whereas the analysis reported here considers future changes. Furthermore, the earlier analysis did not include shifting cultivation, whereas this analysis considers at least a crude approximation for it. This analysis also includes additional simulations that explore the extent to which alternative types of land management could be used in the future to withdraw carbon from the atmosphere.
| Rates of use of tropical forests
Our premise in this analysis is that the potential for negative emissions is reflected in the rate at which carbon is removed from the atmosphere as a result of land management, or LULCC. In the tropics that rate is uncertain. The area of tropical forests growing as a result of current and past land use is not known. At one extreme, it is possible that most tropical forests are recovering from previous harvests, clearing, and abandonment (i.e., they are dynamic). At the other extreme, it is possible that most forests in the tropics are fully grown (i.e., static). Management is so rare in the latter case, that T A B L E 1 Median carbon densities (primary vegetation and soil in MgC/ha) for forested ecozones (from Houghton & Nassikas, 2017) Table 2 ).
Because the FAO defines deforestation as the loss of forest to other cover types, whereas Hansen et al. (2013) include temporary losses of forest area from logging and burning, one might expect the FAO estimates of deforestation to be lower than the rates of forest loss reported by Hansen et al. (2013) . And that turns out to be the case when gross rates of forest loss are sampled from a pan-tropical map of forest cover loss (Tyukavina et al., 2015) . The sample-based approach yields an average gross forest loss of 11.7 million ha/year for the period 2000-2012 (Table 2 ). Thus, rates of deforestation as reported by the FAO (9.0 million ha/year) appear not to be overestimated when compared with independent estimates.
According to analyses of Landsat data (De Sy et al., 2015; Tyukavina et al., 2015) , shifting cultivation does not seem to account for a large fraction of deforestation, but pixel by pixel analyses of Landsat data (spatial resolution 30 m) do not necessarily detect changes within the mosaics of land covers that include shifting cultivation (Molinario, Hansen, & Potapov, 2015) . Similarly, selective logging may be undetected if it does not reduce forest cover to <25%, the cut-off used by Hansen et al. (2013) . Quantification of forest degradation with satellite data remains problematic but may be possible with LiDAR data (Baccini et al., 2012; Herold et al., 2011) .
| Area of primary forest
A second indication that tropical forests are used more than inferred from changes in agricultural area comes from FAO estimates of the percent of forests considered primary, or unmanaged. FAO (2015) reports that only 36% of tropical forests were primary forests in 2015. In contrast, the reconstructions of LULCC by Houghton and Nassikas (2017) yielded percentages that were 81% primary. Those reconstructions may have overestimated the area of primary forests because they used net annual changes in agricultural area to drive deforestation, when, in reality, gross rates of forest clearing may have been higher than net losses, and balanced by rates of agricultural abandonment (i.e., reforestation). That is, some amount of forest clearing may be simultaneous with agricultural abandonment, and net changes in area probably underestimate the rate of secondary forest formation.
A potentially more important explanation, however, is that landuse statistics from FAOSTAT fail to account for shifting cultivation.
The agricultural division of FAO does not count shifting cultivation as agricultural land, but the forestry division does count the conversion of forest to shifting cultivation as deforestation. We assumed here that the discrepancy between forest loss and agricultural gain represents an expansion of shifting cultivation.
The repeated use of forests is important because rotational land uses, such as shifting cultivation and wood harvest, lead to large gross losses and gains of carbon (Houghton, 2013) . Disturbance results in carbon emissions, whereas subsequent recovery, even partial recovery, results in carbon sinks (negative emissions). If the areas are large, the gross sources and sinks of carbon are also large, although the net flux may be nearly zero if the same lands are used over and over. On the other hand, if the temporary use of land is a minor activity, most tropical forests may be considered grown. One would expect rates of carbon accumulation in mature forests to be lower than in regrowing forests. The observation that grown forests may be sinks for carbon (Luyssaert et al., 2008; Phillips et al., 1998) suggests that those sinks may be attributable to environmental changes (e.g., CO 2 fertilization) rather than to recovery.
We considered the possibility that the small proportion of primary forests reported by the FAO resulted, not from shifting cultivation, but from the use of tropical forests long ago. There is a growing recognition that disturbances, both natural and anthropogenic, have long-lasting effects on forest composition, structure and dynamics (Vlam, van der Sleen, Groenendijk, & Zuidema, 2016) .
Indeed, many of the "old-growth" forests in the Amazon may still be recovering from ancient (pre-European) human impacts (McMichael, Matthews-Bird, Farfan-Rios, & Feeley, 2017 Additional support for widespread disturbance of forests comes from a recent analysis that only 18% of the world's forests may be considered intact (Potapov et al., 2017) . However, the estimate defines intact forests as having a minimum area of 500 km 2 and, thus, is not comparable with the FAO estimate of primary forest.
| A simulation with shifting cultivation
We constructed a simulation in which we assumed that the "excess loss" of forests (Figure 1 ) represented the conversion of forests to shifting cultivation, swidden, or some other temporary use of the land. Furthermore, once lands were in this temporary category, they were repeatedly cleared, used, abandoned, and then used again. The first time a forest was cleared for this temporary use, the conversion was called "deforestation". Thereafter, the clearing of fallow was within the shifting cultivation cycle; re-clearing did not include conversion or deforestation.
This interpretation of "excess forest loss" is not the one Houghton and Nassikas (2017) continue into the future at today's rates. In simulation #4, we enhanced the carbon sequestration potential of harvested wood products by increasing the lifetimes of wood products (from 10 years to 100 years and from 100 years to 1000 years) and by harvesting more efficiently (halving the amount of slash or woody debris left on the harvested site). In other respects simulation #4
was similar to #3 (deforestation stopped after 2015 but LUC continued). These simulations set bounds on the biophysical potential for negative emissions. They are not meant to represent future projections of land management.
| RESULTS
We report, first, the negative emissions of carbon (removals from the atmosphere) in forests of the temperate zone and boreal regions, where changes in land use and management are generally better documented than they are in tropical regions. Gross emissions did not fall to zero in 2016 when land use stopped but did decline exponentially, as expected from rates of decay, and were about 0.1 PgC/year by 2100. Negative emissions also decreased over time because, without harvests, young forests were no longer created, and forest aging slowed the removal of carbon from the atmosphere. The net effect of stopping land use was an initial surge in negative emissions but then a decline as gross removals fell faster than gross emissions. Over the period 2016 to 2100, 19 PgC would be removed from the atmosphere if deforestation and degradation were discontinued in the temperate zone and boreal regions (Table 3) ; i.e., if no wood harvest were to occur after 2015.
| Forests outside the tropics
Increasing harvest efficiency and lengthening the lifetimes of wood products (simulation #4) increased cumulative negative emissions to À28 PgC (Table 4 ). This simulation resulted in the largest cumulative negative emissions for temperate and boreal zones. Surprisingly, the negative emissions from stopping deforestation (À8 PgC) were less than the cumulative emissions from the Business-as-usual simulation (À10 PgC). Rates of deforestation were low outside the tropics, but the explanation for lower negative emissions is that some deforestation was for tree plantations, and when deforestation stopped, there were fewer plantations for harvest. Instead, harvests occurred in primary forests with higher biomass densities and thus higher emissions (from slash).
In general, both negative and positive emissions were reduced in the simulations. Negative emissions declined because the area of secondary forests declined; and that area declined because harvest- 
| Global synthesis
The big driver of negative emissions in the tropics was allowing the fallows of shifting cultivation to return to forests. Outside the tropics the big driver was lengthening the lifetime of wood products. Adding together the results from those simulations with the highest negative emissions yields a maximum of 126 PgC (98 + 28) ( Table 4 ). The potential is somewhat less than the total loss of carbon from changes in LULCC since 1850 (145 PgC) (Houghton & Nassikas, 2017) , but a full recovery is unlikely as much of that loss resulted from the expansion of permanent agricultural lands.
Putting the tropical and temperate zone and boreal forests together, yielded a global gross sink (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) of 4.4 PgC/year (Table 3) . Although this sink is large (47% of global emissions from fossil fuels for the same decade (Le Qu er e et al., 2015)), it is offset to some extent by emissions from wood products and slash and from changes in soil carbon that were initiated before 2016.
Accounting for these delayed emissions, the net sink for carbon (declining emissions and declining rates of forest re-growth) was greatest immediately after harvests ceased and declined as regrowing forests aged. The net global carbon sink obtainable if deforestation and harvests were stopped would be À34 PgC by 2100 (15 + 19).
If, in addition, lands in rotational agriculture were allowed to return to forest, the cumulative sink would be À117 PgC (Table 3) . And extending the lifetimes of wood products would add another 9 PgC (28-19) (Table 4) (Houghton & Nassikas, 2017) . To the extent the residual terrestrial sink is in forests, stopping deforestation has the additional benefit of reducing the loss of this sink.
Second, stopping degradation, in this case the harvest of wood, may not be the most effective strategy for managing carbon. On the one hand, a gross source of 1.0 PgC/year could be avoided if harvests were stopped globally and previously harvested forests were allowed to recover. On the other hand, the harvest of wood for long-lasting products could result in a greater storage of carbon on land (the sum of carbon in forests and in harvested products) if the harvests were sustainable (FAO, 2016; Nabuurs et al., 2007) . We found, however, as Naudts et al. (2016) did for Europe, that industrial wood harvests led to a reduction in carbon storage in countries outside the tropics, 18% less than in a simulation without industrial wood harvest. The reduction in forest biomass (30.9 PgC) was larger than the increased storage in products and slash (14.6 PgC). Harvests did not result in greater carbon storage because harvested forests were sometimes cleared for agriculture, thus eliminating the sinks that would otherwise have been attributed to harvest. The net effect varied through time and among regions. Increasing the lifetimes of wood products (simulation #4) resulted in a larger effect, increasing cumulative negative emissions to À28 and À8 PgC in the extra-tropics and tropics, respectively (Table 4) .
A third practice for creating negative emissions is to expand the area of forests, especially in the tropics. The expansion of forests in boreal and temperate zone regions, though effective for taking carbon out of the atmosphere (biogeochemistry), is likely to have a net warming effect because of changes in biophysics (albedo, evapotranspiration, turbulence) (Bright et al., 2017; Mykleby, Snyder, & Twine, 2017) . For this analysis, we calculated the sequestration of carbon that would result from allowing the fallows of shifting cultivation in the tropics to return to forest. The restoration of forests on 1,036 9 10 6 ha of fallow lands in 2015 would provide a sink by 2100 of 83 PgC in addition to the 15 PgC accumulated from stopping wood harvests (total equal 98 PgC) (Table 3) . We did not consider the expansion of forest area on lands that may be available for reforestation, and thus our estimate is conservative.
| Net versus gross fluxes
This discussion has focused on the gross sources and sinks of carbon In addition to the losses and gains of carbon on land as a result of management, there is also a large net uptake of carbon thought to be caused by changes in the global environment (e.g., in response to CO 2 fertilization, nitrogen deposition, or changes in climate). This residual terrestrial sink is determined by difference to balance the global carbon budget (Le Qu er e et al., 2016). The sink is likely in both managed and unmanaged lands, and it is difficult to separate from the anthropogenic sink attributed to management (regrowth) (Gasser & Ciais, 2013) . Cumulative net negative emissions of 126 PgC are large enough to help keep concentrations of CO 2 from rising while the world transitions quickly to alternative fuels. They are not large enough for business-as-usual scenarios where fossil fuel emissions continue at present rates or increase over the next decades (Gasser, Guivarch, Tachiiri, Jones, & Ciais, 2015) . Further, the removal of carbon from the atmosphere by forests will diminish once the forests are grown.
After 50-100 years rates of removal will decline. Reforestation represents a complimentary solution, most strategically used in coordination with the transition from a fossil-fuel system to one based on renewable energy.
| Negative emissions in managed and unmanaged lands
Two conclusions emerge from this investigation. First, without a massive, global program of forest expansion, the potential for negative emissions from ending deforestation and degradation is modest (on the order of 100 PgC). Even under the unrealistic projections simulated here, the potential for land management to withdraw carbon from the atmosphere is small relative to the potential for fossil fuel use to add carbon. However, the potential for negative emissions is meaningful (60%) compared to the total carbon emissions allowable for staying within a warming of 2°C (161-338 PgC from 2015 onwards (Rogelj et al., 2016) ). This finding is fundamental.
Land management is vital if 2°C, or less, is indeed the goal. Absent this goal, land management is unlikely to be important. Additional negative emissions may occur beyond 2100 as a result of proper management, but rates of accumulation are likely to be small annually.
The second conclusion is that negative emissions are possible because ecosystems are below their natural carbon densities as a result of past land use. That is, potential negative emissions are directly coupled to past positive emissions. There is nothing magical about these negative emissions. They simply restore carbon lost previously. The corollaries of this conclusion are (i) that negative emissions will diminish as forests recover to their undisturbed state (negative emissions will only work for a few decades) and (ii) that much of that recovery will have occurred before 2100, according to these simulations.
The residual terrestrial sink, on the other hand, the accumulation of terrestrial carbon believed to be caused by changes in the global environment (e.g., CO 2 , N deposition, or changes in climate), is entirely different (Figure 3 ). This terrestrial sink is not the result of management, although it has increased over the last decades in proportion to emissions (Ballantyne, Alden, Miller, Tans & White, 2012) .
Whether it will increase in the future, or even continue, is uncertain.
Thawing of permafrost and forest die-back are two processes that counter the current and future sink. It is also possible that the growing sink has been enabled by large areas of secondary forests, an indirect effect of land management. If the world's forests were to recover to their undisturbed state, the potential for additional carbon accumulation would be reduced. That is, growing forests respond to elevated CO 2 , whereas grown forests may not. This saturation simply reinforces the notion that land management is a one-time strategy. Once restored, further accumulation of carbon is limited. The exception, of course, is harvest of wood for long-term storage. How long we have before natural effects, such as climatic change, reduce the residual terrestrial sink remains unknown. If or when they do, however, management of the global carbon balance will be that much more difficult.
